Computational modeling is playing an increasingly important role in materials research and design. At the system level, the impact of cell design, electrode thickness, electrode morphology, new packaging techniques, and numerous other factors on battery performance can be predicted with battery simulators based on complex electrochemical transport equations. Such simulation tools have allowed the battery industry to optimize the power and energy density that can be achieved with a given set of electrode and electrolyte materials. At the materials level, first-principles calculations, which can be used to predict properties of previously unknown materials ab initio, have now made it possible to design materials for higher capacity and better stability. The state of the art in computational modeling of rechargeable batteries is reviewed.
Introduction
Computational modeling is playing an increasingly important role in materials research and design. Its potential for increased efficiency and cost savings has caught the attention of industry, from small start-ups to Fortune 500 companies. Modeling has been particularly useful in the area of rechargeable lithium batteries. With the increase in the use of Li-ion cells in portable electronics comes the challenge of meeting the ever-shorter design cycles of these devices. Mathematical modeling has an important role to play here, as nearly limitless design iterations can be performed using simulations.
At the system level, the effect of cell design, electrode thickness, electrode morphology, new packaging techniques, and numerous other factors on battery performance can be predicted with battery simulators based on complex electrochemical transport equations. As described later in this article, such simulation tools have allowed the battery industry to optimize the power and energy density that can be achieved with a given set of electrode and electrolyte materials. At the materials level, first-principles calculations, which can be used to predict properties of previously unknown materials ab initio, have now made it possible to design materials for higher capacity and better stability.
First-principles calculations involve the use of quantum and statistical mechanics to predict the properties of a material. It may be unexpected to find that such a seemingly "academic" topic has penetrated as practical a field as batteries, but there are now several companies in the business of developing and producing batteries that regularly make use of first-principles computations to understand and optimize their materials. Maybe this is not so surprising, since many of the relevant properties (voltage, capacity, structural stability, ionic diffusion, volume changes, mechanical stresses upon charging) of electrode materials are amenable to first-principles calculations. How these properties are calculated has been reviewed in detail in other publications. 1 In this short review, we demonstrate the advantages of a modeling approach with several case studies.
Save Time and Guide Experimental Work
The potential at which Li can be inserted or removed from a material is a key property that has to be determined for every new electrode material. It can easily be found by calculating the energy of the material at a few different Li compositions. 2 If this potential is not in the desired range, the material can be discarded, or one can search for compositional modifications that bring it into the correct range. The potential for an anode needs to be low (as the battery potential is the difference between the cathode and anode potential) but not below zero, since in that case lithium metal would simply plate onto the anode. In searching for anode materials, one might consider Si 3 N 4 as a reasonable candidate, as it is light and environmentally benign, and its open structure has room for extra Li ions. To make it into a useful electrode material, its intrinsically poor electronic conductivity would need to be improved by compositional modifications. However, a quick first-principles evaluation of the material can save one that effort, as the calculated insertion potential for Li is negative, indicating that Li cannot be inserted. 3 We attribute this to the stable electron configuration of Si 3 N 4 , which cannot accept the electron from lithium. Hence, first-principles calculations can be used to rapidly screen new materials and select only the most promising approaches.
Provide Guidelines for Materials Improvement
Layered LiMnO 2 undergoes an irreversible transformation to a spinel structure as Li is removed electrochemically, prohibiting its use in a rechargeable lithium battery. Even though LiCoO 2 and LiNiO 2 have the same thermodynamic driving force to transform to a spinel when partially delithiated, 4 they remain layered when cycling at room temperature. Hence, the difference between these materials must be related to the kinetics of this transformation. Figure 1 shows the calculated energy along the migration path for Mn and Co in the layered structure and confirms that Mn diffusion will occur with a much lower activation barrier than for Co, explaining the very different kinetics observed in these two materials. The detailed microscopic information produced by firstprinciples methods can clarify the physics underlying this kinetic difference. 5 The insets in Figure 1 show . Both these strategies have been pursued, 6 and one of them is discussed in more detail in the next paragraph.
Verify an Experimental Hypothesis
Layered Li(Ni 0.5 Mn 0.5 )O 2 was shown to be very stable under electrochemical Li cycling, even though it contains a substantial amount of Mn. 7, 8 This could be explained by the assumption that Mn is present as Mn 4ϩ
, which would require all of the electrochemical activity to take place on Ni (as Mn 4ϩ cannot be further oxidized to ϩ5 in a reasonable voltage range). This hypothesis can be easily verified with calculations. Figure 2 shows the change in charge (electron spin) density when Li is removed from Li(Ni 0.5 Mn 0.5 )O 2 to make (Ni 0.5 Mn 0.5 )O 2 . Bright regions indicate electron loss. Clearly, all of the oxidation takes place on Ni, confirming that the Ni ions cycle between ϩ2 and ϩ4 states. The cycling of multiple electrons on one transition-metal ion (as shown for Ni in Figure 2 ) holds great promise for the development of higher-capacity Li batteries.
Create Detailed Input for Macroscopic Models
Diffusion of Li in intercalation electrodes such as Li x CoO 2 is complex. When the battery is charged, Li is removed and the large concentration of vacant sites can induce Li vacancy ordering, 9 limiting the number of free vacancies. The latticeparameter changes induced by Li cycling can change the activation barrier for Li migration by several hundreds of millielectronvolts, 10 which corresponds to a several-orders-of-magnitude change in the lithium diffusion coefficient near room temperature. Using modern first-principles solution and rate theory, it is possible to include all of these effects in a predictive model for Li diffusion. The Li diffusion constant in Figure 3a cludes all the Li-Li interactions as well as the environmental dependence of the activation barrier. The diffusivity varies by orders of magnitude with Li composition, reaching its maximum just before the top of charge (x Ϸ 0.5) for a typical LiCoO 2 cell. The local minima are due to Li vacancy ordering. This detailed microscopic information can be used in continuum models for Li diffusion in and out of electrode oxides. Figure 3b shows the results of such a simulation for a 10-m particle of LiCoO 2 being charged. The gradient in composition that exists between the surface and center of the particle will cause significant stress and lead to fracture of the particle.
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The Future of First-Principles Computations for Rechargeable Li Batteries
Besides their obvious technological relevance, Li intercalation oxides also present the frontier of what can be achieved with modern first-principles methods. At partial delithiation, these materials display all of the rich physics of mixed-valence transition-metal oxides, such as metalinsulating transitions, magnetic transitions, charge and orbital ordering, and JahnTeller distortions. This complex electronic behavior leads to limitations for current density functional theory approaches (as were used for the work described here). As electron correlation and localization effects become more important, the quality of the computed results degrades. We have found that the error rate in voltage calculations follows the trend metals Ͻ closepacked oxides Ͻ phosphates with open structures, exactly the direction in which the effects of electron correlation are expected to increase. Better electronic structure methods such as the local density approximation plus the Hubbard model or dynamical mean-field theories 12 are on the horizon and may soon find their way into this field.
Another frontier is the integration of first-principles methods with the systemlevel models, presented next. In many cases, one will find that this requires not only more accurate first-principles calculations, but also better system models. Currently, some of the errors arising from over-simplified macroscopic models are corrected for when the parameters in the model are fitted to real experimental data. When using first-principles input quantities, the opportunity for error correction is not present, and all of the physical phenomena need to be explicitly present in the macroscopic model.
From First Principles to Macroscopic Simulations
Modern macroscopic battery modeling began with the increases in computational power that made full-cell sandwich modeling possible in the 1970s. Full-cell sandwich models treat all regions of the cell simultaneously-including current collectors, anode and cathode, and the separator region-and hence are capable of simulating complex processes that occur when various regions of the cell interact. The conventional treatment of the composite regions of the cell uses macrohomogeneous modeling techniques such as porous electrode theory, where each phase is viewed as a superimposed continuum. 13 Full-cell sandwich battery models have been applied to numerous systems (see Table I ). Many of these codes are available upon request from their respective authors.
One new frontier for macroscopic battery models is to incorporate the degradation and transient processes within cells that contribute to cell failure and end of life. These cell changes are best spotted in their impedance spectra. 17 One important point about this research is that the processes occurring within cells during degradation are highly materials-specific, and hence any model fitted to a particular chemistry may not be broadly applicable to other cells. Integrating macroscopic failure models with the ab initio modeling discussed earlier in this review may lead to models that are more widely applicable.
Several reviews of the battery modeling literature with a focus on modeling lithium rechargeable batteries exist.
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Variety of Simulation Tools Employed
New tools are constantly being added within the modeling community, bringing new approaches for solving the equations that describe battery charge and discharge. The basic equations describing battery processes are most commonly formulated as a set of coupled nonlinear partial differential and algebraic equations. The number of these equations can vary from three or four to more than 20, depending on the complexity and comprehensiveness of the processes described within the model. The more comprehensive macroscopic models can require tens or hundreds of parameters as input data. As a result, these models usually require significant computational power and robust simulation techniques.
Classical analytical techniques for solving battery models have been employed for years and include most of the major approaches to solving ordinary and partial differential equations (Laplace transforms, separation of variables, Green's functions, such as the finite-difference method (FDM), finite element method (FEM), and the control volume formulation (CVF), are more general and necessary for full-cell sandwich models. The FDM has been used extensively due to its simplicity and accuracy. The CVF approach has the advantage of quadratic convergence at internal boundaries, which is an improvement over the FDM for tridiagonal matrix solvers. The FEM approach is more difficult to program but provides an alternative to model systems with irregular geometry, unusual boundary conditions, or heterogeneous compositions.
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Simulating the ac Response of Batteries
The relative ease of carrying out impedance experiments and the variety of data they generate have made impedance spectroscopy a standard technique in battery monitoring and testing. However, interpreting battery impedance spectra is still extremely challenging. Interpretation usually depends on the availability of a true steady-state condition around which to apply the ac perturbation and an understanding of how to interpret complicated spectra for porous electrodes that often superimpose several processes in the moderate-to low-frequency window. It was recently shown that under the assumption of steady-state conditions, it is straightforward to simulate the impedance of any cell for which a dc battery model already exists. These simplified conditions also allow for analytic solutions of the impedance of cell sandwich models under certain conditions, and these solutions have been used to predict the effect of particlesize distributions on the impedance response of a composite electrode. 19 While steady-state impedance simulations are valuable, batteries are by nature transient systems, and many processes can occur within the cells, even under opencircuit conditions (e.g., self-discharge). Under any circumstance, "steady state" is a relative term that should properly be considered in the context of the frequency and perturbation magnitude of the impedance measurement. Additionally, imposition of an ac signal around a dc current, such as during charge or discharge of the cells, while simple to do experimentally, has never been rigorously modeled or interpreted.
A means for simulating the transient impedance response of a battery has been described. 20 This "brute-force" approach takes a standard transient full-cell sandwich battery model and solves for the imposition of an ac perturbation of arbitrary magnitude and frequency. The cell voltage response is integrated over N cycles to calculate the impedance of the system. No assumption of a steady state or linear response is made. While this approach is computationally demanding, it is straightforward with modern computers for a one-dimensional model. Figure 4 illustrates the voltage response to a small constant-frequency (0.1 Hz) perturbation on the current density of magnitude of 0.01 mA/cm 2 superimposed over a dc discharge at a constant current of 0.1 mA/cm 2 . The cell voltage responds by following the current perturbation while steadily decreasing as the cell is discharged. The superposition of the ac signal over the dc discharge leads to artifacts in the lowfrequency impedance response that may be misinterpreted in experimental studies of real systems, including inductive loops into the second quadrant of a complexplane plot.
Using Macroscopic Models for Cell Design
Shortening the lengthy process of optimizing a battery design for a given application has long been a goal of computer simulations. Over the past decade, researchers have used simulations for generating Ragone plots and have discussed means for optimizing batteries by computer. 21, 22 This process is much faster than a purely empirical experimental approach and can be expected to find wider use in the future. These models can also be used to assist manufacturers in choosing between different cell geometries such as prismatic and cylindrical sizes. With the availability of simulators for a variety of battery systems (Ni-Cd, Pb-acid, Ni-MH, Li-ion), one should be able to make comparisons between systems for different uses. This may allow battery users to determine when one system is desirable over another.
We recently embarked on a modeling study of the Sony lithium-ion polymer (LIP) battery (UP383562). 23 Simulations were able to adequately describe charge and discharge (C rate) curves over a wide range of rates (C/5 to 3C) and showed that the high rate capability of these LIP cells is primarily due to their thinner electrode tapes. Figure 5 illustrates the experimental and simulated discharge curves at various discharge rates. Computer simulations were used to explore next-generation LIP battery designs, with a goal capacity of about 700 mAh in the same-volume package.
The Emergence of Web-Based Battery Simulation
We are starting to see the emergence of battery simulation codes available for public use and commercial battery simulators offered for private use on the Internet. Webbased design is a powerful concept that has revolutionized other industries such as automotive components and electronic manufacturing services. An on-line simulation system allows users, regardless of where they are located, to share software resources and effectively exchange ideas. An Internet-based simulation system needs three major parts: a simulation engine to solve the mathematical problems, process model(s) to define the simulated process(es), and a graphical user interface (GUI) to allow users to interact with the simulations via the Internet. Such an Internet-based system uses a client-server architecture in which the simulation software is installed and executed at the server site. The internet GUI allows multiple users to access the simulation system from anywhere an Internet browser is available. Through an Internet-based battery simulator, users (typically battery companies, but also contract manufacturers and device OEMs) can simulate and optimize their systems or use the codes as learning and training tools for employees. Web-based modeling tools allow close collaboration of battery designers and application engineers via the Internet and provide realtime predictions of battery performance. Within the battery modeling community, there are several Web sites providing both on-line and off-line tools (stand-alone models) for battery simulations, among them The Newman research group at the University of California, Berkeley (http:// www.cchem.berkeley.edu/ϳjsngrp/)-battery models available for free download and off-line usage;
The Wang research group at the Pennsylvania State University (http://mtrl1.me. psu.edu/Simulation/Description.htm)-on-line battery simulation facility for members; and Battery Design Company (http:// www.batdesign.com)-provides standard and custom tools for battery design and simulations for off-line usage.
Battery models allow optimization of performance characteristics and can increasingly contribute to safer, higher-energy design of new systems. Ab initio materials modeling makes it possible to evaluate the basic properties of new battery materials before they are synthesized, drastically reducing the development time for new products. In the future, electronics OEMs will likely employ battery simulators available on the Web to rapidly assess the impact of design changes in their devices on the battery system or to influence their battery manufacturers in decisions on product design and development.
